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ABSTRACT
The design, modeling, micro-fabrication, and characterization of an ultra-broadband Ge-on-Si waveguide polarization rotator are presented.
The polarization rotator is based on the mode evolution approach where adiabatic symmetric and anti-symmetric tapers are utilized to convert
from the fundamental transverse magnetic to electric mode. The device is shown to be extremely fabrication tolerant and simple to fabricate.
The fabricated devices demonstrate a polarization extinction ratio of ≥15 dB over a 2 μm bandwidth (9–11 μm wavelength) with an average
insertion loss of <1 dB, which is an order of magnitude improvement compared to previously demonstrated devices. This device will provide
polarization flexibility when integrating quantum cascade lasers on-chip for mid-infrared waveguide molecular spectroscopy.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5134973., s
I. INTRODUCTION
The mid-infrared (MIR) spectral region is of significant interest
for several applications such as security,1 healthcare,2 drug iden-
tification,3 and environmental monitoring.4,5 This is due to how
chemical compounds can be identified through their unique vibra-
tional modes, which absorb in the molecular “fingerprint” region
(6.7–20 μm wavelength).6 An integrated waveguide molecular spec-
trometer would significantly reduce the size and cost compared
to commercially available spectrometers.7 A waveguide spectrom-
eter requires the integration of a source and detector along with
the passive waveguides for sensing. There have been several wave-
guide platforms that have been demonstrated in the fingerprint
region such as chalcogenide glasses,8 GaAs,9 SiGe,10,11 and Ge-
on-Si.12,13 Ge-on-Si is a promising platform since it is Si foundry
compatible and optically transparent up to ∼15 μm wavelength.14
There have been many optical components that have been demon-
strated including plasmonic amplifiers,15,16 light emitters,17 third
harmonic generators,18 quantum well infrared photodetectors,19 and
microbolometers.20
A potential candidate for the source is a quantum cascade
laser (QCL), which has recently demonstrated significant tuning
ranges.21 By integrating several QCLs on-chip22 with tunable wave-
guide resonators,23 this would enable scanning across many molec-
ular absorption lines with high power and would compensate for
a non-cryogenically cooled detector (see Fig. 1). This would pro-
vide an alternative architecture compared to realizing an integrated
Fourier-transform spectrometer.24–26
One drawback of using a QCL is the emitted vertical polar-
ization that will only couple to transverse magnetic (TM) guided
modes. We recently demonstrated Ge-on-Si waveguides operating
up to 11 μm wavelength with low propagation losses (∼1 dB/cm).27
The key to achieving this was guiding with a transverse electric (TE)
mode to minimize interactions with the Si substrate that is non-
transparent past 8 μm wavelength. Figure 2(a) shows the experimen-
tally measured absorption coefficient for Si and its corresponding
effect on the simulated propagation loss for the fundamental TE
and TM modes in a 2 μm thick Ge-on-Si rib waveguide. The TE
mode also provides the benefit of smaller bending radii [see the
inset of Fig. 2(a)] and an increased modal overlap for sensing [see
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FIG. 1. A schematic diagram of an envisaged integrated waveguide molecular
spectrometer. Key components include the passive Ge-on-Si waveguides, broad-
band quantum cascade lasers, Vernier ring resonator tuning cavities, bolometer
detectors, micro-fluidics, and a polarization rotator.
FIG. 2. (a) The Si absorption (cyan) and the modeled waveguide loss caused by
the modal overlap of the fundamental TE (blue) and TM (red) modes in a 8 μm
wide, 2 μm thick Ge-on-Si rib waveguide with Si. The inset shows the modeled
bending loss for a 90○ bend at 13.5 μm wavelength. (b) The modeled modal over-
lap vs wavelength for the TE and TM modes for sensing an analyte that covers all
waveguide surfaces.
Fig. 2(b)].28 To enable TE operation with integrated QCLs, the most
obvious strategy would be to utilize a polarization rotator.
There has been substantial research into developing waveguide
polarization rotators for creating polarization-insensitive photonic
circuits on the silicon-on-insulator (SOI) platform at telecommu-
nication wavelengths.29 The key figures of merit (FOM) usually pre-
sented are the polarization extinction ratio (PER), insertion loss (IL),
and operational bandwidth. To date, the largest operational band-
widths demonstrated have been ≤200 nm with an IL ≤1 dB and a
PER ≥10 dB.30 There has been limited investigation into migrating
a waveguide polarization rotator to the MIR, where the majority of
the work has been predominately simulation31,32 and where there
have been two recent experimental demonstrations below 6.15 μm
wavelength.33,34 Here, we demonstrate the design, modeling, micro-
fabrication, and characterization of a Ge-on-Si waveguide polariza-
tion rotator operating between 9 μm and 11 μm wavelengths with an
average IL <1 dB and a PER ≥15 dB.
II. DESIGN AND MODELING
There are typically three main strategies employed to real-
ize waveguide polarization rotation devices: rotator waveguides,35
cross polarization coupling,36 and mode evolution.37 The simplest to
implement is the mode evolution approach, where an adiabatic taper
can efficiently convert polarization between a TM and TE mode.38
This approach has the advantage that it is normally fabrication tol-
erant and only requires a single lithography and etch step, and for
these reasons, this is the approach that is utilized in this work.
A. Ge-on-Si mode hybridization
The main requirements to utilize the mode evolution approach
are that the waveguide is birefringent and has a cross-sectional asym-
metry so that mode hybridization occurs.39 These requirements are
met by a 2 μm thick Ge heterolayer on Si etched by 1 μm to form a
rib waveguide that is air clad. A finite-difference eigenmode solver
(Lumerical) was used to calculate the effective indices of the sup-
ported eigenmodes vs the waveguide width. It is clear from Fig. 3(a)
that the supported TE0 and TM0 modes are highly birefringent
(Δn ∼ 0.075) and there is anti-crossing between the TM0 and TE1
modes at a waveguide width of ∼7.9 μm, which is indicative of mode
hybridization. The mode hybridization can be confirmed by ana-
lyzing the polarization ratio (γx), which is defined as the ratio of
the non-dominant to dominant field component of the fundamental
mode, as follows:40
γx = ∫S ∣E2x∣dxdy∫S ∣E2x∣dxdy + ∫S ∣E2y ∣dxdy . (1)
For non-hybridized modes, γx is ≈0 and 100 for TM and TE
modes, respectively. When the modes are hybridized, the electric
field components, Ex and Ey, become comparable (i.e., 50%). Fig-
ure 3(b) represents the calculated γx of the supported TM0 and TE1
modes of the Ge-on-Si rib waveguides at 8 μm and 11 μm wave-
lengths. This wavelength range is specifically chosen since it matches
the bandwidth of a broadly tunable QCL and is accessible with the
experimental setup. It is clear that the anti-crossing identified is
indeed a point where the TM0 and TE1 modes are fully hybridized.
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FIG. 3. (a) The calculated effective modal indices vs the waveguide width for
the supported modes in a Ge-on-Si rib waveguide with a 1 μm partial etch
at 8 μm wavelength. The inset shows the Ex and Ey electric field profiles of
the modes at the anti-crossing point. (b) The calculated mode polarization ratio,
γx = E2x/(E2x + E2y), of the TM0 and TE1 mode vs waveguide width at 8 μm and
11 μm wavelengths. The arrows are used to highlight the 50% mode hybridization
point for each wavelength.
What is particularly interesting in Fig. 3(b) is that only an ∼0.5 μm
waveguide width change is required for mode hybridization to occur
between 8 μm and 11 μm wavelengths. Since hybridization is con-
firmed between the TM0 and TE1 modes, an adiabatic taper can be
used to provide polarization conversion.
B. Broadband TM0 to TE1 mode conversion
The attainment of efficient polarization conversion over the
8–11 μm wavelength range requires a taper design that has an input
and output width that spans the mode hybridization regions iden-
tified in Fig. 3(b). An eigenmode expansion (EME) solver was used
to model a linear taper with an input and output width of 7.7 μm
and 8.7 μm, respectively. The calculated TM0 to TE1 polarization
FIG. 4. The modeled TM0 to TE1 mode conversion efficiency vs taper length (TL)
for a Ge-on-Si rib waveguide that is linearly tapered from an input width (WTM0)
of 7.7 to an output width (WTE1) of 8.7 μm. The calculated wavelengths consist of
8–11 μm in 0.5 μm increments.
conversion efficiency (PCE) for different wavelengths vs taper
length is shown in Fig. 4. It is clear that for long taper lengths
(≥2 mm) there is a PCE of >99% over the full wavelength range.
This relatively large footprint is the main trade-off for target-
ing broadband performance. It is anticipated that a small foot-
print will not be as critical as a metric for realizing a MIR wave-
guide spectrometer compared to SOI photonic devices required
for telecommunications. In addition, since a simple linear taper is
utilized, it might be possible to reduce the length by up to 40%
by optimizing the taper shape while still maintaining adiabatic
performance.41
C. Broadband TE1 to TE0 mode conversion
The standard approach to converting the higher-order TE1
mode to the fundamental TE0 mode is to phase match by using an
asymmetric directional coupler. The disadvantage of using a direc-
tional coupler is that it will have inherently narrow-band opera-
tion and will also be sensitive to fabrication tolerances. To provide
broadband performance that is also fabrication tolerant, the higher-
order mode converters proposed by Chen et al. were utilized.42,43
This approach is based on using an asymmetric taper structure that
provides a different effective path-length for the anti-phase compo-
nents of the TE1 mode so that both components become in-phase
and a TE0 mode is generated at the output. The higher-order mode
converter parameters are optimized to satisfy the following phase
matching condition: ΔΦ = 2πΔLeff /λ = π, where ΔΦ is the phase
change difference of the two anti-phase components and ΔLeff is the
effective path difference.
This was modeled by first optimizing a design that contained
only two asymmetric tapers (see Fig. S1 of the supplementary mate-
rial). The input (WTE1) and output (WTE0) width were fixed at 9 μm
to ensure that the TE1 mode would be sufficiently far from any mode
hybridization region. WTE0 was subsequently tapered to 6 μm width
over a very short distance (10 μm) to ensure that any fraction of the
APL Photon. 5, 026102 (2020); doi: 10.1063/1.5134973 5, 026102-3
© Author(s) 2020
APL Photonics ARTICLE scitation.org/journal/app
FIG. 5. (a) A top-down schematic diagram of the complete polarization rotator
with an adiabatic linear taper that converts from TM0 to TE1 (not to scale), before
subsequent higher-order TE1 to TE0 mode conversion by an asymmetric taper
structure (see the supplementary material for optimized parameter details). The
total length of the optimized polarization rotator structure is 2.22 mm. (b) The
simulated light propagation through the optimized polarization rotator with a TM0
injected mode source.
TE1 mode that was not fully converted would be cut-off by oper-
ating in single-mode operation. The optimization was performed
initially by using the 2.5D variational finite difference time domain
(FDTD) method; however, it was found that this led to a large dis-
crepancy when compared to 3D FDTD verification simulations. This
FIG. 6. The simulated TE1 to TE0 conversion efficiency for the optimized higher-
order mode converter consisting of six asymmetric tapers modeled with the eigen-
mode expansion (EME) solver and 3D finite difference time domain (3D FDTD)
method. The 1 dB insertion loss point is highlighted by an arrow for the 3D FDTD
spectra.
discrepancy most likely arises due to the effective modal index error
caused when collapsing a rib waveguide structure in the vertical
axis.
To accurately model within a practical time-frame, the EME
solver was implemented via scripting to allow parameter changes in
both the width and length. This was then combined with a parti-
cle swarm optimization algorithm44 with the FOM being the power
transmitted to the fundamental TE0 mode at WTE0. There were
four parameters that were initially optimized, W, L1, L2, and L3,
which then subsequently provided parameter bounds for six more
complex asymmetric taper structures with parameters W12, W22,
W23, L12, L22, and L23 [see Fig. 5(a)]. Figure 6 shows the modeled
TE1 to TE0 conversion efficiency for the six optimized asymmet-
ric taper structures. There is good agreement between the EME
and the 3D FDTD verification simulation. The optimized struc-
ture demonstrates a peak conversion efficiency of ∼90% at ∼9.75
μm wavelength. The structure was optimized for a center wave-
length of 9.5 μm, but it is clear that there is an asymmetry over
the 8–11 μm range. There is still, however, ≥ 80% conversion over
a 2 μm bandwidth (9–11 μm). The complete waveguide polariza-
tion rotator design consists of a linear adiabatic taper (TM0 to
TE1) followed by an asymmetric taper structure (TE1 to TE0) [see
Fig. 5(a)].
III. FABRICATION AND CHARACTERIZATION
A waveguide polarization rotator consisting of an adiabatic
2 mm long linear taper for broadband TM0 to TE1 mode con-
version followed by the optimized TE1 to TE0 higher-order mode
converter was fabricated using commercially grown Ge-on-Si (IQE
Si plc).27 The waveguides were patterned by electron-beam lithog-
raphy by using the hydrogen silsesquioxane (HSQ) resist. They
were subsequently etched to a target depth of 1000 nm with a
mixed gas (SF6 and C4F8) process.45 A surface profiler was used
to measure the actual etch depth (∼1030 nm). Residual HSQ was
removed using dilute hydrofluoric acid, and subsequently, the
waveguides were diced using a diamond saw before optical facet
polishing.
The fabricated polarization rotator was characterized using
a MIR setup consisting of an external QCL (Daylight Solutions
MirCat-QT) package that provides continuous tuning from 7.5 μm
to 11.5 μm wavelength with ≥50 mW of output across the range. The
QCL was end-fire coupled to the waveguides via a free-space optical
setup. A high extinction ratio (≥40 dB) wire grid polarizer was used
to ensure that only a TM fundamental mode was excited at the input.
At the output, the polarization axis of another identical polarizer was
adjusted for the detection of the transmitted TE0 and TM0 modes by
recording each spectrum on a liquid nitrogen cooled mercury cad-
mium telluride detector. An optical chopper was used to modulate
the QCL to enable the use of a lock-in amplifier; this reduces the
effects of ambient black-body radiation and improves the signal-to-
noise ratio (see Fig. S2 of the supplementary material). The QCL
was operated in the pulsed mode (5% duty cycle) to increase the
effective spectral bandwidth of the source to minimize the effect
of cavity resonances that would otherwise be formed between the
two waveguide end facets. This is important for the accurate mea-
surement of the PER since the TE0 and TM0 modes have different
propagation constants, and this would result in either an over or
APL Photon. 5, 026102 (2020); doi: 10.1063/1.5134973 5, 026102-4
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under-estimation of the PER depending upon the wavelength (see
Fig. S3 of the supplementary material). The PER and IL are defined
as
PER = −10 × log10(TM − TMTM − TE ), (2)
IL = 10 × log10(TM − TE). (3)
Figure 7(a) shows the measured PER as a function of the wave-
length. It was found that for wavelengths ≤8.5 μm, the PER rapidly
decreased. This was not expected since long tapers were utilized
to provide a high PER across the 8–11 μm wavelength range. This
decrease in the PER was attributed to a strong background signal
originating from a TM excited slab mode at the input (see Figs. S4
and S5 of the supplementary material). Since the polarization of this
FIG. 7. (a) The experimentally measured polarization extinction ratio (PER) as a
function of the wavelength. The inset shows a scanning electron microscope image
of the waveguide polarization rotator. (b) The experimentally measured insertion
loss (IL) as a function of wavelength for the fabricated waveguide polarization
rotator.
FIG. 8. The modeled polarization extinction ratio vs wavelength for over and under
etching compared to the target etch depth of 1000 nm (Δd = 0 nm). The Δd = 30
nm case corresponds to the etch depth achieved with the actual fabricated devices
presented within this work. The inset shows the corresponding effect that Δd has
on the insertion loss.
slab mode is not rotated, this has the effect of artificially decreasing
the PER. Due to this effect, the PER was measured from 8.5 μm to
11.5 μm (100 nm increments), where the TM slab modes are cut-off.
The difference in propagation loss between the TM0 and TE0 modes
(see Fig. 2) was taken into account for the calculation of the PER, but
it turned out to be not very significant (see Fig. S6 of the supplemen-
tary material). It is clear from Fig. 7(a) that a PER of ≥12 dB was
found across the full range, where the peak PER of ∼24 dB is located
at ∼9.1 μm. Figure 7(b) shows the measured IL as a function of
wavelength. The IL of the waveguide polarization rotator was mea-
sured by comparing the transmittance of eight reference 6 μm wide
straight waveguides that had the same overall length (1 cm). A large
number of reference waveguides were measured to provide sufficient
statistics to account for the uncertainties from both waveguide fab-
rication non-uniformity and end-fire coupling error. It is evident
from Fig. 7(b) that there is quite a significant error with the mea-
sured IL, which is expected since errors as large as 1 dB are typical
for end-fire coupling with a free-space optical setup.46 This explains
why there is an uncertainty present with the IL measured between 9
μm and 11 μm wavelengths since it is most likely at the limit of what
can be accurately measured with the experimental setup. The aver-
age IL measured across this range is ∼0.85 dB. Taking into account
the error on the measurement, it is reasonable to assume that the IL
between 9 μm and 11 μm wavelengths is ≤1 dB, which would agree
well with the modeling (see Fig. 8, inset).
IV. FABRICATION TOLERANCE
An important consideration for any polarization rotator is its
tolerance to fabrication errors. As this device can be split into two
distinct mode conversion regions, the effect of fabrication error can
be easily analyzed since the PER and IL are dominated by the TM0
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to TE1 and TE1 to TE0 mode converter regions, respectively. Since
the experimental results demonstrated an average IL <1 dB and a
PER ≥15 dB between 9 μm and 11 μm wavelengths, this will be the
comparison for analysis. It is found, as expected, that the design is
highly tolerant of lithography errors since it is based on the mode
evolution approach and only consists of symmetric and asymmetric
tapers. The PER remains largely unaffected even for a width change
(Δw) as large as ±250 nm compared to the nominal design. To main-
tain an IL of ≤1 dB over a 2 μm bandwidth, however, requires that
the Δw should be smaller than ±100 nm. This lithography tolerance
should be easily achievable within a silicon photonics foundry.47,48
As electron beam lithography was utilized for the fabrication of the
devices presented here, Δw can be assumed to be negligible. What
is important is the sensitivity to a change in etch depth compared
to the nominal design (Δd). Figure 8 shows the modeled PER as
a function of wavelength for the target etch depth of 1000 nm (Δd
= 0 nm), actual fabricated devices (Δd = 30 nm), and several other
over and under etching conditions. The polarization rotator is espe-
cially sensitive to under etching, where Δd ≤ −70 nm would result
in zero polarization conversion at the shorter wavelengths since
the mode hybridization region is shifted to lower widths than the
design. The design is found to be far more tolerant to over etch-
ing. What is particularly interesting in Fig. 8 is that over etching can
result in an improvement of the peak PER at certain wavelengths
where there must be a resonance occurring for the 2 mm long lin-
ear taper. This is clearly seen with Δd = 50 nm, where the modeled
PER peaks at ∼40 dB at 8.75 μm wavelength. As the fabricated polar-
ization rotators were over etched by ∼30 nm in the modeled case,
this would provide a peak PER of ∼30 dB at 9 μm wavelength, which
agrees reasonably well with the experimental results [see Fig. 7(a)].
All of the etching conditions presented provide an IL ≤1 dB over a
2 μm bandwidth (see Fig. 8, inset). Therefore, the tolerance of the
device to Δd is thus −5% ≤ Δd ≤ 10%, which is highly achievable
with a controllable etch process such as the one used within this
work.
V. CONCLUSION
A Ge-on-Si rib waveguide polarization rotator that operates
between 9 μm and 11 μm wavelengths with an average insertion
loss <1 dB and a polarization extinction ratio ≥15 dB is presented.
The polarization rotator is based on the mode evolution approach
in order to convert the fundamental supported TM mode to TE
mode. An intermediate polarization conversion between the TM0
and TE1 mode is first achieved by using an adiabatic linear taper
that is designed to provide a broadband polarization extinction ratio
before subsequent higher-order TE1 to TE0 mode conversion is
achieved by an asymmetric taper structure. This higher-order mode
converter is optimized by utilizing an eigenmode expansion solver
with a particle swarm algorithm. The device is straightforward to
realize since it requires no additional waveguide fabrication steps.
The fabricated waveguide polarization rotators provide an order of
magnitude increase in operational bandwidth compared to previ-
ously demonstrated devices. The fabrication tolerance was studied,
and it was found to be highly resilient to both lithography (Δw± 100 nm) and etching error (−50 ≤ Δd ≤ 100 nm). This represents
the first demonstration of a waveguide polarization rotator in the
important molecular “fingerprint” region (6.7–20 μm wavelength)
and would enable TE mode operation when integrating quantum
cascade lasers on-chip.
SUPPLEMENTARY MATERIAL
See the supplementary material for further details regarding the
design of the higher-order TE1 to TE0 mode converter, experimental
setup, and calculation of the experimentally measured polarization
extinction ratio for the fabricated devices.
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